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CHAPTER1
Introduction to Corrosion

1.1.  Corrosion :                      Destruction or decaying of a material or deterioration in its properties bychemical or or Electrochemical reaction with the environment is called corrosion. Itcan be fast or slow. For example , sensitized 18-8 stainless steel is badly attacked inhours by polythionic acid while railroad tracks usually show slight rusting.Environments are corrosive to some degrees. Some examples are:moisture and air1. fresh, distilled, salt and mine water2. rural, urban and industrial atmospheres3. steam and other gases such as chlorine, ammonia, hydrogen sulphide, sulphur4. dioxide and fuel gases5.mineral acids such as hydrochloride acid, sulphuric and nitric acid etc.Moist air is more corrosive than dry air.Hot air is more corrosive than cold air.Hot water is more corrosive than cold water.Polluted air is more corrosive than clean air.Acids are more corrosive than bases or alkalies.Stainless steel will outlast ordinary steel.No corrosion will occur in vacuum even at high temperatures.In general inorganic materials are more corrosive than the organics. For example,corrosion in the petroleum industries is due more to sodium chloride than to oil,napthaetc. The interaction of metals with the environment could take place at anytemperature.1.2. Cause of corrosion:        Most metals exist in nature in combined forms as oxides, hydroxides, carbonates,chlorides, sulphides etc. As soon as we the metals are extracted from these forms thereverse process begins, i,e nature tries to convert them back into the form theyoccur.That means metals are chemically unstable in the refined state. The metals havea tendency to revert back to combined state.  The process by which the metals have atendency to go back to the combined state is known as corrosion or weeping of metals1.3. Rate of corrosion:      Corrosion rate can be expressed as follows:(i) Mils per year, MPY = 534 W                                         DATWhere,  W = weight loss in milligrams, mg              D=  density of the material, gm/cm3              A=  area of specimen in square inch              T=  exposure time in hours



(ii) Percentage weight loss(iii) Milligrams per square cm per day(iv) Grams per square inch per hourAmong these the most accurate method for determining the rate of corrosion is theMils per year.1.4. Cost of corrosion- Direct and Indirect losses:
        Corrosion losses are two-fold; (a) Economic losses                             (i) Direct losses                             (ii) Indirect losses (b) Conservation of available resourcesThe total losses by corrosion in industries amount to many billion dollars annually.The following figure shows some data:USA- 6 billion dollarsUK.  -600 million poundsCanada- 500 million poundsAustralia- 100 million dollarsIndia- 154 crore rupeesJapan- 2 lakh dollars(i) Direct losses:                         The direct losses include the cost of replacing corroded structures andmachines or their components such as condenser tubes, pipe lines,metal roofing etc.including labour charges, cost of repainting, cost of Cathodic protection, cost ofdehumidification of storage rooms etc.(ii) Indirect losses:                          Indirect losses are more difficult to assess and amount to severalbillion dollars more than the direct losses. Indirect losses include-(a) shut down of the plant(b) loss of product (because of leakage)(c) loss of efficiency(d) contamination of the product( explosions and possible loss of life)(e) over design( wastage of material and cost due to over design)(a)Shut down of the plant: Frequently plants are shut down or portions of a processstopped because of unexpected corrosion failures. For example, the replacement of acorroded tube in an oil refinery may cost a few hundred rupees,but shut down of theunit while repairs are underway,may cost several thousand rupees,in lost production.(b) Loss of product: Losses of oil, gas, water etc. occur through a corroded pipesystem until repairs are made.(c) Loss of efficiency: This may occur by diminished heat transfer throughaccumulated corrosion products or by closing the pipes which rust, necessitatingincreased pumping capacity. In internal combustion engines of automobiles, wherepiston rings and cylinder walls are continuously corroded by combustion gases andthis leads to increased gasoline and oil consumption(d) Contamination of the product: Contamination of the product by the corrosionproduct is undesirable and may be harmful in certain cases. Lead equipment otherwisedurable is not permitted in storage of food stuffs because of its toxic properties.Similarly soft water flowing through lead piping are not safe for drinking.



(e) Over design: In most cases corrosion rates are known, equipment is oftendesigned many times heavier than is required for normal operating conditions. Withadequate knowledge of corrosion, more reliable estimates of equipment life can bemade and design can be simplified in terms of material and labour.            The losses due to Corrosion varies from country to country depending uponthe climatic conditions
1.5. Importance of corrosion study:       Corrosion of metals is a vital concern for the material scientists. This naturalphenomenon causes substantial financial losses in various sectors and requiresextensive efforts to limit it's impact. The objective or importance of corrosion study isto find out the following:(a) the reduction of material losses due to corrosion or sudden failure of piping, tanks,metal components of machines, hulls, marine structures etc(b) the conservation, which is limited and wastage of which includes correspondinglosses of energy and water resources accompanying the production and fabrication ofmetal structures. Hence to minimize the effects of corrosion, we must carefullyobserve or study it's mechanism.1.6.Classification of corrosion:       Corrosion  has been classified in many ways depending upon the corrosiveenvironment. One method divides corrosion into low temperature corrosion and hightemperature corrosion. Another classifies corrosion into1.6.1. Dry corrosion1.6.2. Wet corrosion1.6.3. Direct chemical corrosion and1.6.4. Electrochemical corrosion 1.6.1.Dry corrosion :        In dry corrosion a metal or nonmetal is attacked by a corrosive gas or vapours. Itis often associated with high temperatures. exp. Attack on steel by furnace gas.1.6.2. Wet corrosion :        Wet corrosion occurs when a liquid is present. This usually involves aqueoussolutions or electrolytes and accounts for the greatest amount of corrosion by far. Acommon example is corrosion of steel by water. The presence of even a small amountof moisture could change the corrosion picture completely. For example,dry chlorineis practically non- corrosive  to ordinary steel ,but moist chlorine or chlorine dissolvedin water is extremely corrosive and attacks most of the common metals and alloys.The reverse is true for titanium - dry chlorine is more corrosive than wet chlorine.1.6.3. Direct chemical corrosion :          Direct chemical corrosion is essentially a chemical attack and occurs as a resultof chemical reactions between the materials particularly metals and corrosivesolutions such as acids. The attack under these conditions is uniform, relatively highand continues at an almost constant rate. Reactions of dry chlorine, hydrogensulphide, oxygen, or other gases with dry metals are examples of direct chemicalattack. One means of controlling direct chemical corrosion is the addition of certaininhibitors in the corrosive solutions.1.6.4. Electrochemical corrosion :          This type of corrosion occurs at or near room temperature as a result ofreactions of metals with water or with aqueous solutions of salts, acids or bases andinvolves a transfer of electrons. In all these cases, there should be a flow of electricityfor certain areas of the metal surface to other areas through the solution known as



electrolyte, capable of conducting electricity and there must exist a difference ofpotentials either between two dissimilar metals or between two different areas on thesurface of the metal. In all cases, there should be a flow of electrons in certain areas ofthe metal surface to other areas through the solution known as electrolyte, which iscapable of conducting electricity and there must be a difference of potentials eitherbetween the two dissimilar metals or between the two different areas of the surface ofthe metal.                As a result of structural and chemical inhomogeneity existing in metals andenvironment the metal surface develops anodic and cathodic sites. The term anode isused to describe that portion of the metal surface that is corroded and dissolves as ionsand from which current leaves the metal to enter into the solution. Such transfer ofions is known as anodic oxidation. The term cathode is used to describe the metalsurface from which current leaves the solution and returns to the metal,hence cathodicreaction is a reduction type and the metal is not affected. The rate of reaction dependson the amount of current between anodic and cathodic sites and the nature ofelectrolyte. Highly pure single phase metals corrode at a slower rate than impuremetals and alloys containing more phases.           The Electrochemical nature of corrosion can be illustrated by the attack on zincby hydrochloric acid. When zinc is placed in dilute hydrochloric acid,a vigorousreaction occurs, hydrogen gas is evolved and zinc dissolves forming zinc chloride. Itis illustrated in the following figure.

    ( Fig. 1.1 Electrochemical principle of corrosion of Zn in HCl.)
Zn + 2HCl ➞ ZnCl₂ + H₂                   (1)Noting that the chloride ion is not involved, this equation can be written in thesimplified form,Zn + 2H² ➞Zn² + H₂                         (2)Hence zinc reacts with the hydrogen ions of the acid solution to form zinc ions andhydrogen gas and it can be seen that zinc is oxidised to zinc ions and hydrogen ionsare reduced to hydrogen. The equation (2) can be divided into two reactions such asoxidation of zinc and reduction of hydrogen ions;
Oxidation (anodic reaction)- Zn ➞Zn² ＋2e
Reduction(cathodic reaction) -2H + 2e ➞ H₂An oxidation or anodic reaction is indicated by an increase in valence electrons and areduction or cathodic reaction by a decrease in valence electrons. Both the reactionsoccur simultaneously and at the same rate on the metal surface. Similarly like zinc,iron and aluminium are corroded by hydrochloric acid. The reactions are         2Fe + 6 HCl➞ 2FeCl₃ + 3H₂
         2Al + 6 HCl➞ 2AlCl₃ + 3H₂  



CHAPTER        2
Single Electrode Potential & Standard ElectrodePotential 

2.1. Single electrode potential       When an electrode is immersed in an electrolyte containing its own ions, twotypes of reactions occur as shown in fig.2.1 below.
(i)  M ➞Mⁿ﹢ + ne
(ii) Mⁿ﹢ + ne ➞MAs a result of these reactions electrodes acquire charge. It will acquire -ve chargewhen metal dissolution reaction occurs at the surface and acquire +ve charge whenmetal deposition reaction occurs. The dissolution and the deposition reactions willcontinue till equilibrium is reached between the electrode surface and the electrolyteadjacent to the electrode surface. At the surface of separation between the electrodeand solution , a difference of electrical potential exists. This difference in electricalpotential is known as single electrode potential  or half cell potential . On the otherhand, the tendency of an electrode to loss or gain elections is called electrodepotential. It is denoted by the symbol  "E".    Standard electrode potential is the potential of a half cell reaction when thereactants and products are of unity activities and the temperature is kept at 298° K. Ifgas involved the standard conditions chosen 298°K and 1 atm pressure. It is denotedby the symbol " E° "

           (  Fig. 2.1. Metal electrode immersing in electrolyte containing its own ions )
2.2 Electrolysis :     It is the process of decomposition of an electrolyte by the passage of electricity.The apparatus used for electrolysis is called the electrolytic cell in which electricalenergy is used to cause a chemical reaction to take place (as shown in fig. 2.2 ).Electrolysis of an electrolyte can be carried out by dipping two metallic rods or platesin the solution and connecting them by means of a wire to the two terminals of abattery which is a source of EMF ( Electro Motive Force). During electrolysis the



passage of current is accompanied by migration of ions. Positively charged ions(cations) are attracted towards the negatively charged electrode (cathode) ,while 

      ( Fig. 2.2. Process of electrolysis)
the negatively charged ions (anions) are attracted towards the positivelycharged electrode (anode).
 2.3 Electrode reactions :         ( A) Cathode and cathodic reactions :The electrode which supplies elections is called the cathode. Cathodes can be made ofmetals, alloys or graphite in the form of sheets, sticks etc. At cathode reductionreaction occurs. The cathodic reactions are given below:

         (B) Anode and anodic reactions :
The electrode which gets elections is called the anode. Anodes can be of two types:           (i) Soluble anodes : These anodes participate in the Electrochemical processes.Soluble anodes are generally metallic such as copper in copper refining.            (ii) Insoluble anodes : Insoluble anodes do not participate in electrochemicalprocesses. Insoluble anodes are generally made of noble metals such as platinum,



palladium, iridium and to certain extent gold and also carbon or graphite. At anode,oxidation reactions occur. Anodic reactions are given below:

2.4. Faraday's laws of electrolysis :
      The relation between the quantity of electricity passed and the amount ofsubstances formed or deposited at the electrodes is formulated by Faraday in the formof two independent laws, which are(1) Faraday 's First Law:This law states that " for the same electrolyte , the amount of substance deposited orliberated or dissolved at an electrode is directly proportional to the quantity electricitypassed through the solution." Thus according to this law
              W ∝I x t  ( Ix t = quantity of electricity )     or     W = Z x I x tWhere ,            W = weight of substance formed at the electrode by the passage of current of Iamperes for t seconds .            Z =  Electrochemical equivalent of a substance.If when , I = 1 ampere, t = 1 second , then            W = Z.So, Electrochemical equivalent of a substance is the mass of substance which isdeposited during electrolysis by the passage of a steady current of 1 ampere forsecond. i.e 1 coulomb of electricity.  ( 2) Faraday's  Second Law :It states that " When same quantity of electricity is passed through differentelectrolytes, the amount of different substances deposited at the electrodes is directlyproportional to their equivalent weights." Mathematically ,
           W ∝ E Where ,            W = weight of substance deposited by the passage of certain quantity ofelectricity, E = equivalent weight, which is defined as the atomic weight divided bythe Electrochemical valency (n) . i.e. E =A/n .Thus , H+ ,Ag+ ,1/2 Cu+ , 1/2 Fe²+ ,1/3 Fe³+ etc. are equivalent to one another. Itfollows that a given quantity of electricity will deposit twice the amount of metalliccopper from a Cu+ salt than from one containing Cu²+ ions. 
From this law it follows that the same amount of electricity is required to liberate 1



gm equivalent of substance from any electrolyte. This quantity is called Faraday anddenoted by F . From the Faraday's second law, 1 gm equivalent of substance will bedeposited by 96,500 coulombs. Thus ,A/n gms of substance will be deposited by96,500 coulombs.W gms of substance will be deposited by = (F xW) / (A/n) coulombs.Quantity of electricity = current x time             (F x W)/ (A/n) = I x t        Or, W = I x t x A                                                                         ( 2.1 )                       F x n       This equation represents the combined form of Faraday' first and second law.  
2.5. Applications of Faraday's laws of electrolysis :
Faraday's laws are applicable to both aqueous and fused electrolytes. The basicexpressions of Faraday's lawsof electrolysis may be manipulated to describe a rangeof metal finishing and related processes. The following are some of the applications.

       In each case, the applications of Faraday's laws is illustrated by means of workedexamples.
2.6. Causes of Deviations :
When Faraday's laws are tested experimentally, the apparent deviations from theselaws are observed experimentally with both fused and aqueous electrolytes.Deviations arise due to the following reasons :(a) Discharge of other ions : Current loss occurs due to the discharge of ions ofimpurities or even necessary components of electrolyte at electrodes. For example,electrolysis of acidified zinc sulphate doesn't lead to the deposition of one gramequivalent of zinc at cathode for each faraday of current due to discharge of H+ ionsalong with Zn²+ ions. (b) The formation of compound at the electrode :  In certain cases, the formation ofcompound at electrode results in current loss. For example,in electrolysis of fusedBiCI₃, chlorine is liberated at the anode, while no metal is formed at the cathode dueto the formation of compound .



(c) The dissolution of the electrode:  Current loss can also be occured due to thedissolution of electrode in the electrolyte mainly in case of fused salt.(d) Recombination of primary products: The cathodic products of electrolysis may combine with anodic gases and form original salt. The reaction forming original saltcauses current losses. This is more in case of fused salt electrolyte due to their hightemperature(e) Mechanical losses:  There can be mechanical loss of the substances formed at the electrodes depending on the structure of the deposit. This factor can be presentwith both fused and aqueous electrolytes.(f) Evaporation losses :  This is only present in salts of metals having high vapourpressure e.g. in electrolysis of NaCl. High temperature promotes the evaporation ofthe metal.
2.7. Electrochemical Cells :
A cell is a single arrangement of two electrodes, usually metallic immersed in anelectrolyte and in which chemical reactions generate electricity.The essential components of an Electrochemical cell are             1. Electrolyte (ionic conductor )             2. Anode             3. Cathode             4. External circuit ( electronic conductor )Each cell is made of two electrodes . In electrochemical cell, cathode is one wherereduction reaction occurs while anode is one where oxidation reaction occurs.Electrochemical cells can be reversible or irreversible. Cell is reversible whenchemical reactions at the electrodes are the same but reversed in direction when thedirection of flow of current is reversed. Cell is irreversible when different reactionsoccur at one or both electrodes when the direction of current is reversed.
Cell potential or EMF ( Electro Motive Force ) of a cell :       
An electrochemical is made up of two half cells i.e two electrodes. One of theseelectrodes must have higher electrode potential (higher tendency to loss electrons)than the other electrode. As a result of this potential difference , the elections flowfrom one electrode at higher potential to an electrode at lower potential. Thus, thedifference between the electrode potential or two half cell is known as emf of the cellor cell potential or voltage. 
2.8. Electrochemical Series or EMF Series:       
When metals are arranged in order of their standard electrode potential,a series isformed which is known as electrochemical series or EMF series. This is aclassification of metals in order of their electro positivity i.e their tendency to looseelections
The following table shows such classification.   



                                  Table 2.1 ( EMF  series)

2.9. Applications of  EMF Series:
The EMF series is very useful in electrometallurgy as it is very helpful in theinterpretation of electrode reactions in electrochemical cells and electrolytic cells.Some of the applications are1. Displacement of metals : A metal will replace another metal below in series i.emore elctropositive metal will displace a less electropositive metal from its salts inaqueous solution. The more electropositive metal is oxidised and less electropositivemetal is reduced. For example,Magnesium and Iron in copper sulphate solution
Mg  ＋ Cu²﹢ ➞Mg²﹢ ＋ Cu
Fe ＋ Cu²﹢ ➞ Fe²﹢ ＋ CuZinc in Silver Nitrate solution
Zn ＋ 2Ag﹢ ➞ Zn﹢ ＋ Ag.2. Displacement of  Hydrogen :Metals above in the series displace hydrogen from acids, while metals belowhydrogen do not displace hydrogen from acids. For example,2HCl + 2Na = 2 NaCl + H₂ 3. Electrolysis: Least electropositive metal deposits first. For example,
From acidified solution containing both H﹢ and  Cu﹢, Copper is liberated first



4. Corrosion and protection:  The elements at the upper end of the emf series arevery active and their takes place quite readily. All metals above Copper rusts fairlyeasily in the atmosphere but metals below copper do not rust so easily.
Nernst Equation :It gives the effect of concentration on electrode potential. Concentration of electrolyteaffects electrode potential to a considerable extent. For a generalized reversible halfcell reaction,

Here the a's in numerator and denominator are the activities of the products and
reactants respectively, △G is the free energy of the reaction when the activities of theproducts and the reactants are unity. Using the above equations, we ge

2.10. Electrolytic Cell :It is just the reverse of electrochemical cell. It is a device in which electrical energy isconverted into chemical energy and the products are thermodynamically less stablethan the reactants. The main components of electrolytic cell are         (a) Electrolyte         (b) Anode         (c) Cathodeand   (d) External power supply
Electrolytic cells are used for electroplating, electrowinning,electroforming,electromachining etc.Characteristics : The electrolytic cells should have the following requirements:1. It should consume little energy per unit weight2. It should have high output.3. It should be easy to operate.4. It should provide complete recovery of desired electrolysis products5. It should be corrosion resistant to the electrolyte.6. It should be resistant to heat.
Difference - electrochemical cell and electrolytic cell  Type                      Electrochemical cell                        Electrolytic cell 1, Cathode sign                    (+)                                                  (-)2. Anode sign                       (-)                                                   (+)3. Cathodic reactions     Reduction                                     Reduction4. Anodic reaction         Oxidation                                      Oxidation



5. Nature of reaction      Spontaneous                                 Non spontaneous 
2.11. Galvanic Cell :
A galvanic cell is a device which converts chemical energy into electrical energy. Theemf arises due to chemical reactions within the cell. Galvanic cells are also calledvoltaic or chemical cells. Daniel cell is a well known example of galvanic cell.            In galvanic cell, chemical reactions involve release or acceptance of electronswhen two dissimilar metals are in contact with electrolyte containing their own ions.The cell can be represented as
AnodeⅠAnodic electrolyteⅠCathodic electrolyteⅠCathode
ZnⅠZnSO₄ⅠCuSO₄ⅠCu     (Daniel cell)
ZnⅠZn²﹢ⅡCd²﹢ⅠCd .Galvanic cells are of two types:(i) Galvanic cells with transference:  These cells are characterized by the presence ofa liquid junction potential between two electrolyte solutions of differentconcentrations and compositions.
Exp.   ZnⅠZn²﹢ⅠCu²﹢ⅠCu
          ZnⅠZn²﹢ⅠCd²﹢ⅠCd(ii) Galvanic cells without transference:  These cells are characterized by the absenceof liquid junction potential at phase boundary between two different solutions.
 Exp.    Pt－H₂ⅠHClⅠCl₂－Pt.The figures show the representation of galvanic cell:

The emf galvanic cell is due to the potential difference between various combinationsof metals. It consists of two compartments each of them is called a half cell. The halfwith more negative potential is called anode and the cathode. At anode,an oxidationreaction occurs while on cathode a reduction reaction occurs.The emf of galvanic cell without transference is given by the sum of the emfs of twohalf cell reactions.Thus,

Similarly emf of galvanic cell with transference is given by



2.12. Galvanic Series - Importance :
Since galvanic cells are formed due to two dissimilar metals in contact, in thepresence of an electrolyte, one metal becomes anodic and therefore corroded. Bytaking pairs of metals and alloys in an given medium such as sea water and observingwhich becomes the anode,a series can be prepared, known as galvanic series. Thegalvanic series of many metals and alloys is given in the following table.                      TABLE- Galvanic Series



Applications/ importance of galvanic series  : Some of the applications include
1. The metals and alloys at the top of the series are corroded least while in the bottomare corroded to the maximum extent.2. The farther the metals and alloys in the series, the greater the potential generated.Therefore metals and alloys which are farther apart in the series should not be coupledtogether.3. When metals and alloys of the same group ( shown brackets) are coupled together,there is a little danger of corrosion.4. Same metal can assume different position in the series.2.13. Concentration Cells :The cell where emf arises by transfer of material from one electrode to the other dueto concentration gradient is called the concentration cell. The concentration gradientmay be due to any of the following situations:(a) The change in concentration in electrolyte.exp. 
       MⅠMⁿ﹢( aMⁿ﹢= a1)ⅠMⁿ﹢﹢( aMⁿ﹢= a2Ⅰ(b) The change in concentration of electrodes.Exp. The amalgam or alloy electrode having heterogenous composition,

The electrode in dilute solution acts as an anode while the electrode in concentratedsolution acts as a cathode.Concentration cells are of two types:1. Concentration cell without transference -- These type of cells are characterized bythe absence of liquid junction potential

2. Concentration cell with transference:- These cells are characterized by theappearance of liquid junction potential between the two solutions.for example



CHAPTER       3
Different Forms of Corrosion 

 There are different types of corrosion and their mechanisms and preventing measuresare described in detail below:3.1. Atmospheric Corrosion :  
The heaviest toll of corrosion is due to the corrosion in natural environments. It is themost common type of corrosion and causes serious damage unless adequate measuresare adopted. It is mainly due to the combined effects of film formation and filmbreakdown. The formation of protective film occurs due to the oxidizing action of airon a metal surface and the film breakdown is the result of electrochemical action. Thepresence of moisture on the metal surface is necessary for Film breakdown.           Some examples of atmospheric corrosion are examples are:           1. Rusting of iron           2. Surface deterioration of Zinc and Al alloys           3. Formation of patina on copper.
Factors affecting atmospheric corrosion : The most important factors affecting this type of corrosion are as follows:
(a) Degree of humidity : The rate of atmospheric corrosion depends upon the moisturecontent in the atmosphere. For metals, there is a critical humidity above which the rateof corrosion increases sharply. For example, rusting of iron is very low below 60%relative humidity while it occurs severely if the humidity is above 80 %..
(b) Contents of the atmosphere :  The atmospheric corrosion is mainly due to moistureand oxygen, but it is increased by the presence of contaminants in the atmospheresuch as:        1. Presence of hygroscopic salt- Certain hygroscopic salts such as ammoniumsulphate or sodium chloride,if present, settle on the metal surface and accelerate thecorrosion rate.          2.  Presence of SO₂ - It is the main contaminant of the atmosphere. It reactswith moisture to form sulphuric acid and sulphurous acid which are both corrosiveand increase the rate of corrosion.             3.  Presence of chlorides - In many cases corrosion in form of pits can be seenon the surface of aluminium and chromium due to the presence of chlorides in theatmosphere.
Prevention of Atmosphere Corrosion :Atmospheric corrosion can be minimised or prevented by the following measures:      1. Applying coatings



      2. Addition of inhibitors      3. Cathodic protection method.
3.2. Intergranular Corrosion :
Localized attack at and adjacent to grain boundaries with relatively little corrosion ofthe grains is the intergranular corrosion. The alloy disintegrates grains and losses itsstrength. Intergranular corrosion can be caused by impurities at the grain boundaries,enrichment of one of the alloying elements or depletion of one of these elements inthe grain boundary areas.For example, depletion of chromium in the grain boundary regions results inintergranular corrosion of stainless steel ( shown in fig.3.1 )

                                                       ( Fig.3.1. Intergranular corrosion of 18-8 stainless steel)
The almost universally accepted theory of intergranular corrosion is based on theimprovrishment or depletion of chromium in the grain boundary areas. The chromiumdepleted regions become anodic with respect to other regions containing morechromium and hence get corroded. Generally addition of chromium to ordinary steelimpacts corrosion resistance to the steel in many environments.Atleast 10%chromium is needed to make a stainless steel. If the chromium content is effectivelylowered, relatively poor corrosion resistance of ordinary steel is approached.  In thetemperature range 950°-1450°F, the chromium carbide is virtually insoluble andprecipitates out of solid solution if carbon content is about 0.03% or higher. Thechromium is thereby removed from solid solution and the result is the metal withlowered chromium content in the area adjacent to grain boundaries. The chromiumcarbide in the grain boundary is not attacked. The chromium depleted zone near thegrain boundary is corroded because it doesn't contain sufficient corrosion resistance toresist attack in many corrosive environments. The carbon diffuses towards the grainboundary quite readily.         On the other hand, the grain boundaries contain material which shows electrodepotential more anodic than that of a grain centre in a particular corroding medium. Asa result certain compounds are precipitated at the grain boundaries and leave the solidsolution , just adjacent to the grain boundary, impovished in one constituent. Thisimpoverished solid solution acts as anodic areas with respect to the grain centre and tothe precipitated compounds and hence attacked by the corrosive environment.
Prevention of intergranular corrosion : Intergranular corrosion can be prevented orminimized by;



1. Employing high temperature solution heat treatment -  It is also known as quench -annealing or solution quenching. It consists of heating to 1950 to 2050 °F followed bywater quenching. Chromium carbide is dissolved at these temperatures and a morehomogeneous alloy is obtained. If cooling is very low,the entire structure will besusceptible to intergranular corrosion.2. Adding elements that are strong carbide formers, called stabilizers. - The strongcarbide formers , columbium or columbium plus tantalum and titanium are added insufficient quantity to combine with all of the carbon in the steel.3. Lowering the carbon content to below 0.03 % . - Lowering the carbon to below0.03% does not permit sufficient carbide to form to cause intergranular corrosionattack in most applications. 
3.3. Pitting Corrosion                 Pitting corrosion is a localised attack on the metal surface, resulting in theformation of pits, holes or cavities and these may penetrate deep into the metalsurface causing destruction of pipes and tubes of various types. Pits are sometimesisolated or so close together that they look like a rough surface. This is one of themost troublesome from of corrosion.
Characteristics of pitting corrosion :
1. The attack is confined to very small areas of the metal surface,the bulk of whichremain unattacked.2. Pits usually grow in the direction of gravity. Most pits develop and grow downwardfrom horizontal surfaces.3. Once started, a pit penetrates the metal at an ever increasing rate.4. Pits tend to undermine or undercut the surface as they grow.5. Active metals are most susceptible to this from of corrosion. e g. Cr and Al andtheir alloys, stainless steel.6. It may be considered as the intermediate stage between general overall corrosionand complete corrosion resistance as shown in the following figure.

          (Fig. 3.2 pitting corrosion 
Factors affecting pitting corrosion 
1. Stainless steels are more susceptible to damage by pitting corrosion than are anyother group of metals and alloys.2. Severe cold working increases the pitting attack.3. Pitting and localised corrosion are less likely to occur on polished than on etched orground surfaces. The pits formed on polished surfaces are larger and penetrate morerapidly than those on rough surfaces.4. The agents which are most active in causing pitting corrosion are chloride, bromideand hypochloride ions.



5. Pitting is usually associated with stagnant conditions such as a liquid in a tank.Velocity or increasing velocity often decreases pitting attack. For example,a stainlesssteel pump would give good service if it were run continuously in sea water, butwould pit if it were shutdown for extended periods.
Prevention of pitting corrosion :
Pitting can be minimized or prevented by1. Materials that show pitting should not be used to build the plant or equipment underconsideration.2. Addition of 2 % Mo to stainless steel increases the pitting resistance of the steel.3. Adding inhibitors, is sometimes helpful, but may be dangerous unless attack isstopped completely.4. Using welded butt joints instead of riveted or bolted joints in the equipment.5. Removing wet packing materials during long shutdowns.6. Providing uniform environments if possible.7. Inspecting equipment and removing deposits frequently.8. Designing vessels for complete drainage.9. Removing solids in suspensions early in the process or plant.10. Welding instead of rolling in tubes in tube sheets.
3.4. Corrosion Fatigue 
  Fatigue is the tendency of a metal to fracture under repeated cyclic stresses, usuallybelow the yield point. Corrosion fatigue is defined as the reduction of fatigue strengthof material due to the presence of corrosive medium. It is the cojoint action of fatiguestress and corrosive environment. Fatigue stress must satisfy the following conditions1. Maximum tensile stress of sufficient value.2. Fluctuations in the applied stress.3. Large number of cycles of applied stress (shown in following fig.)



             (Fig.3.3 Types of stress cycles)
For corrosion fatigue failure, even mildly corrosive environment is sufficient.Corrosion fatigue is most common to those environments which produce pittingattack on the surface of the material. It results in the appearance of cracks having thefollowing characteristics:1. It appears on the surface of the metal.2. The cracks are usually transcrystalline, except Al alloys, fatigue cracks areintercrystalline.3. These cracks occur usually in groups and have blunt edges.
       Examples of failures due to corrosion fatigue are:(i) Marine propeller shaft(ii) Super heater tubes(iii) Turbines(iv) Boiler(v) Drilling pipes in oil field(vi) Rock drill in mining.



The fig.3.3 (a) below shows a corrosion fatigue failure of an axle.

                                     Fig.3.3,(a) An axle failed by corrosion fatigue.
Prevention of corrosion fatigue:  Corrosion fatigue can be minimised or prevented bya number of methods such as,1. Reducing stress on the component ,by altering the design, by stress relieving heattreatment.2. By adding inhibitors.3. By electroplating of Zn, Cr, Ni, Cu and nitride.
3.5 Galvanic or Two-metal corrosion         When two dissimilar metals such as Cu and Zn are electrically connected andexposed to an electrolyte, the metal higher in emf series undergoes corrosion. Thistype of corrosion is known as galvanic or two- metal corrosion. In this case, Zn beinghigher in emf series forms the anode and attacked and get dissolved, whereas Cu,being lower in emf series acts as cathode and is unattacked. The following figureshows the scheme of formation of galvanic corrosion. The fig.3.4(a) shows anexample of galvanic corrosion.

                     Fig.3.4 (a) An example of galvanic corrosion.   



                          ( Fig.3.4 Formation of galvanic corrosion)
The nature of the corrosive environment decides the type of cathodic reactions. Inacid solution, the corrosion occurs by the hydrogen evolution process, while neutral oralkaline solutions, oxygen absorption occurs. The election -current flows from theanodic metal( zinc) to the cathodic metal(copper). Thus it is evident that the corrosionoccurs at the anodic metal , while the cathodic part is protected from attack.Examples of galvanic corrosion are1. Steel pipe connected in copper plumbing.2. Steel screws in a brass marine hardware.3. Steel propeller shaft in bronze bearing.4. Lead-antimony solder around copper wire.
Prevention of galvanic corrosion          Galvanic corrosion can be prevented or minimised by      1.Avoiding direct contact between the dissimilar metals.     2.Rivetting or welding should be done with materials having the same chemicalcomposition.      3. Adding inhibitors if possible to decrease aggressiveness of the environment.      4. Apply coatings with caution.      5. Avoid threaded joints for materials.
3.6 Stress Corrosion Cracking (SCC)       It is the process of destruction of metal due to the simultaneous action ofcorrosive environment and tensile stress. All cracking failures occuring in corrosivemedium are the stress corrosion cracking. It results in the appearance of corrosioncracks. The following fig.3.5 (a) shows the stress corrosion cracking of a stainlesssteel pipe.           

          



Characteristics of cracks :      (i ) These cracks appear on the surface of the metal.     (ii) They can take different forms as shown in the following figure      

                          Fig.3.5. Different forms of cracks    (iii) These cracks may be of the following types:          (a) Intergranular cracks: These cracks proceed along the grain boundaries ,found in aluminium alloys,mild steels etc.         (b) Transgranular cracks:  Crack propagation shows no preference for grainboundaries, found in stainless steels, brass, cast iron etc. The crack propagation maybe continuous or discontinuous.             (c) Mixed type: In some materials, like Mg alloys, either type of cracks can beproduced depending upon the metal structure and environment.(iv) These cracks propagate relatively at low speeds.(v) These cracks are narrow during early stages of cracking and wider during laterstages of cracking.(vi) These cracks may be single or branched depending upon the environment.
Factors affecting stress corrosion cracking :
The following factors affect the stress corrosion cracking1. Stresses - Every type of stress does not cause stress corrosion. Stress must satisfythe following three conditions:(a) stresses should be static.(b) stresses should be tensile.(c) stresses should be of sufficient magnitude.Increasing the stresses decreases the time before cracking occurs. There is someminimum stress required to prevent cracking. The minimum stress depends on thetemperature, alloy composition and environment composition. In some cases it hasbeen observed to be as low as about 10 % of the yield stress
2. Environments- All environments do not cause stress corrosion cracking. A list ofthese environments that cause SCC is given below:



3. Metallurgical factors -  The susceptibility to SCC is affected by the averagechemical composition, preferred orientation of grains, composition and distribution ofprecipitates, dislocation interactions and progress of the phase transformation.
4. Effect of temperature - The rate of corrosion increases with increase oftemperature of the environment.
5. Effect of size factor -  The decrease of area to volume ratio in stressed corrodingspecimen lead to a sharp decrease of the rate of SCC.
Good examples of SCC are(a) Season cracking of brass parts such as condensers, tubes, boxes, gun and artillerycartridge cases . Season cracking refers to the SCC failure of brass cartridge cases.During the period of heavy rainfall, especially in the tropics, cracks were observed inthe brass cartridge cases at the point where the case was crimped to the bullet. It waslater found that the important environmental component in season cracking wasammonia, resulting from the decomposition of organic matter.(b) Stress corrosion cracking of steel parts such as propeller shafts, rods of dieselengines, turbine blades, metallic cables, shafts and rods of pumps,rotors, autoclaves,parts of excavators and mining machinery,steam boilers(caustic embrittlenes). Caustic



embrittlenes is the brittle fracture in the presence of caustic or sodium hydroxide. Thecracks are numerous and fine.
Prevention of stress corrosion cracking : Stress corrosion cracking may be reducedor prevented by the application of one or more of the following methods;(i) Lowering the stress below the threshold value. This may be done by annealing inthe case of residual stresses, thickening the section or reducing the load. Plain carbonsteels may be stress relieved at 1100 to 1200° F and austenitic stainless steels are at1500 to 1700° F.(ii) Eliminating the critical environmental species by degasification,demineralisationor distillation.(iii) Changing the alloy is one possible recourse if neither the environment nor stresscan be changed.(iv) Applying cathodic protection to the structure(v)  Adding inhibitors to the system if possible. Phosphates and other organic andinorganic inhibitors may be added.(vi) applying coatings.(vii) By short -peening or short -blasting. It produces residual comprehensive stressesin the surface of the metal.
3.7. Cavitation corrosion                Cavitation corrosion or Cavitation damage is caused by the formation andcollapse of vapour bubbles on or near the metal surface. Bubbles are formed inboiling liquid and collapse when pressure is increased. Cavitation damage thus occursin systems which are subjected to rapidly alternating ranges of pressures. Liquidbubbles are formed during the low pressure cycle and collapse in high pressure cycle..The collapse produces high stress impact which gradually remove particles of thesurface and is responsible for cavitation damage. The following fig.3.6 represents aschematic of steps in cavitation corrosion.                       

Fig.3.6 (a)  A  cavitation  bubble forms  on  the  protective  film.

Fig.3.6 (b)  The  bubble  collapses  and  destroys  the  film .



Fig.3.6 (c)  The newly exposed metal surface corrodes and the film is reformed.

 Fig.3.6 (d)  A  new cavitation bubble forms at the same spot.

Fig.3.6 (e)  The  bubble  collapses  and destroys  the  film.

Fig.3.6 (f)  The exposed area corrodes and the film reforms.
Cavitation corrosion occurs in hydraulic turbines ,ship propellers, pump impellers,diesel engine cylinders and other surfaces where high velocity liquid flow andpressure changes are encountered.In actual practice, cavitation damage is the result of both mechanical and chemicalaction. The impact by collapse of the bubbles can cause cavitation damage due to anyor combination of the following reasons:1. Destruction of the protective film on the metal surface and thereby accelerating thecorrosion process.2. If the collapse of the bubbles produce high stresses, cavitation damage can be dueto deformation and work hardening of metals.3. Fatigue cracking of metals occurs if the collapse of the bubbles produce cyclicstresses.
Prevention of cavitation corrosion :   In general, cavitation damage can be prevented by1. Changing the design to minimise hydrodynamic pressure differences in processflow streams.2. Substituting more corrosion materials.3. Resilient coatings such as rubbers, plastics, with caution.4. Cathodic protection.5. Alternating the environment by adding inhibitors.



3.8. Fretting corrosion          Fretting corrosion occurs at contact areas between materials under loadsubjected to vibration or slip. It appears as pits or grooves in the material surroundedby corrosion products. It is also called friction oxidation or wear oxidation or chafingor false brinelling ( so named because the resulting pits are similar to the indentationsmade by a Brinell hardness tester).The basic requirements for the occurrence of fretting corrosion are1. The interface must be under load.2. Vibration or repeated relative motion between the two surfaces must occur.3. The load and relative motion of the interface must be sufficient to produce slip ordeformation on the surfaces.Examples of fretting corrosion failures area) Bolted and rivetted joints.b) Hubs press fitted into shafts.c) Ball races.d) Control mechanism.e) Machine slides.f) Bolted tie plates on railroad rails.The following figure shows a fretting corrosion of a tight fits subjected to vibration.

                                        Fig.3.7 (a) Fretting corrosion of a  tight fit.The fig.3.7 (b) below shows a failure of gears and bearings due to fretting corrosion.

                                                                                                Fig.3.7(b)

Factors influencing fretting corrosion : The following factors influence the rate offretting corrosion;(i) Amount of relative motion - The fretting corrosion increases with increase inamount of slip. But it decreases when the displacement is sufficient to allow corrosionproducts to escape.



(ii) Temperature - It decreases with decrease in temperature.(iii) Environment - Fretting corrosion is more in dry conditions than moist conditions.(iv) Metallurgical factors - Soft materials are generally more susceptible to frettingcorrosion than hard materials.
Prevention of fretting corrosion     Fretting corrosion can be minimised or prevented by one or more of the followingmethods,1. Lubricating with low viscosity , high tenacity oils and greases. It reduces frictionbetween bearing surfaces and tends to exclude oxygen. Also phosphate coatings areoften used in conjunction with lubricants.2. Increasing the hardness of one or both of the coating materials. This can beaccomplished by choosing a combination of hard materials and hard alloys. Also shortpeening or cold working increases surface hardness.3. Increasing friction between mating surfaces by roughing the surface.4. Using gaskets to absorb vibration and to exclude oxygen at bearing surfaces.5. Increasing load to reduce slip between mating surfaces.6. Decreasing load at bearing surfaces.7. Increasing relative motion between parts to reduce attack.
3.9. High Temperature Corrosion - Oxidation 
       The term oxidation refers to the chemical reaction of dry metal surface with airor oxygen in the absence of water or an aqueous phase. This is also called as drycorrosion or scaling or tarnishing. Since every metal or alloy reacts with air atambient temperatures, oxidation resistance must be considered in most of theengineering applications. Oxidation limits the use of metals in high temperaturepower plants. Certain applications where oxidation should be considered are in designof gas turbines, rocket engines, furnaces and high temperature petrochemicalprocesses.Electrochemical aspects of oxidation - Oxidation by gaseous oxygen is anelectrochemical process. It is not simply the chemical combination of metal andoxygen on a molecular scale, but consists of two partial processes.

    The most important parameter of metal oxidation is the reaction rate and is usuallymeasured as weight gain per unit area. The various empirical rate laws applicable forthe oxidation of metals are described below:  x  be the thickness of the film and  t  bethe time 



                                            Fig.3.8 Empirical rate laws during oxidation.
1. Linear Law ( x ∝ t ) - The linear law applies to the initial stage of oxidationbefore the film is thick enough to be protective. Na, K, Ta  and Columbium oxidiselinearly.
2. Logarithmic Law ( x ∝log t ) - The logarithmic law applies mainly to highly
protective thin films formed at low temperatures, (﹤ 1000°C ) . Al, Cu, Fe and someother metals oxidise in this manner.
3. Parabolic Law  ( x ∝ t ½ ) - The parabolic law applies at intermediatetemperature. Iron oxidises in this manner between 200 to 400° C.4. Break away effects  -  Break away effects are observed when something happensto the film, such as cracking or flaking which reduces its thickness. When the oxide isbrittle, discontinuous break away curve is obtained.
Prevention of High Temperature Corrosion      High temperature corrosion or oxidation can be prevented or minimised by1. Using highly oxidation resistant materials. The oxidation resistance of the metalcan be improved by adding suitable alloying elements by Hauffe's valency rule.According to this rule, if the oxide is deficient in metal atoms,add an alloying elementof lower valency to reduce the number of vacancies present. If the oxide contains anexcess of metal atoms, add an alloy element of higher valency.2. By selective oxidation - Noble metals such as silver or copper can be protected byselective oxidation. In this case, 1 % of a highly reactive metal such as Al is dissolvedin the basis metal, which is then carefully oxidised in an atmosphere too weak tooxidise more than the alloy metal and a stable film is formed. e.g. Al₂O₃ formed on asterling silver ( 92.5 % Ag, 6.5 % Cu, 1 % Al ) to give a tarnish resistant silver.3. Larger alloy additions are made to iron and steel to gain oxidation resistance Al andSi both give very protective oxide film. The most common addition is chromium.4. Coating the object with suitable material such as gold plating, chromium platingetc.5. Coating ceramics such as silicides, borides, Al₂O₃ , Cr₂O₃ etc.



3.10 . Stray Current Corrosion                   Stray current corrosion refers to corrosion resulting from stray current - thecurrent flowing through paths other than the intended circuit. It is the extraneousdirect currents in the earth. The stray currents are due to current leakage from:1. DC rail transit system2. Cathodic protection system3. Electrical welding machines4. Trolley tracks.5. Pipeline and tanksAfter leaking it flows through the earth or through metallic structure embedded in it .Corrosion occurs at points where current leaves the metallic structure. It is a dynamicand transient phenomenon. Corrosion only occurs at the point of discharge. At thepoint of entry and along the entire system that carries the stray current, there is nocorrosion. At the point of entry, stray current provides certain degrees of cathodicprotection. All metallic structures burried or immersed are susceptible to stray current corrosion.The following fig.3.9 shows the stray current corrosion resulting from cathodicprotection.
         

             Fig.3.9. Stray current corrosion resulting from cathodic protection.
Prevention of stray current corrosion 
  Stray current corrosion can be prevented or minimized by the following measures;1. Identify the source of stray current.2. Stop the leakage from the intended circuit by maintaining good electricalconnections and insulations.3. Install impressed cathodic protection system to offset the effect of stray current.4. By proper design as shown in fig.10. below.
         



Fig.3.10. prevention of stray current corrosion by proper design.
3.11. Erosion corrosion          Erosion corrosion results by the combined effect of the abrading actionof vapours, gases and liquids and the mechanical rubbing action of solidsover the surface of the metals. Metal is removed from the surface asdissolved ions or it forms solid corrosion products that are mechanicallyswept from the metal surfaces. It is characterized in appearance bygrooves , gullies, waves, rounded holes and valleys. The followingfig.3.11. shows an erosion corrosion of a condenser tube wall handlingwater.

Fig.3.11  Erosion corrosion of condenser tube wall  



Fig.3.12. Erosion corrosion of a pipeline.
Most metals and alloys are susceptible to erosion corrosion , for example, Al, Pb and stainless steels. Metals that are soft and readily damaged or worn mechanically suchas Cu and Pb are quite susceptible to erosion corrosion. The corrosive mediums thatcause erosion corrosion are gases, aqueous solutions, organic systems and liquidmetals. For example,hot gases may oxidise a metal and then at high velocity blow offan otherwise protective scale. Solids suspension in liquids ( slurries ) are particularlydestructive from the standpoint of erosion corrosion. All types of equipments exposedto moving fluids are subjected to erosion corrosion. Some of them are piping systems,particularly bends, elbows, tees, valves, pumps, blowers, centrifugals, propellers,impellers, agitators, agitated vessels, heat exchanger tubing such as heaters andcondensers, measuring devices such as orifices, turbine blades, nozzles, ducts, andvapour lines, scrappers, cutters, wear plates, grinders, mills, baffles and equipmentssubjected to spray. Prevention of erosion corrosion 
Erosion corrosion can be combated or minimized by1. The use of materials with better resistance to erosion corrosion.2. The use of better design of equipments.3. The alteration of the environment - Deaeration and addition of inhibitors.4. The application of coatings.5. The application of cathodic protection.
3.12. Uniform corrosion 
         Uniform corrosion or uniform attack is the most common form of corrosion. It isnormally characterized by a chemical or electrochemical reaction that proceedsuniformly over the entire exposed surface or over a large area. The metal becomesthinner and eventually fails. This type of corrosion occurs when the whole surface ofthe metal is corroded to the same degree and when the metal surface and theenvironment are uniform. This unlocalized attack may start in its initial phase atcertain areas and spreads over the whole surface of the metal gradually,as a result,thewhole surface in course of time is uniformly corroded. Examples of uniform corrosionare;1. A piece of steel or zinc immersed in dilute sulphuric acid will normally dissolve ata uniform rate over its entire surface.2. Action of metals such as Al, Zn, Fe and Pb on atmospheric air shows a uniformattack over the entire surface of the metal.



Prevention of uniform corrosion         Uniform corrosion can be prevented or reduced by1. Selecting proper materials, including coatings.2. Use of inhibitors.3. Cathodic protection.
3.13. Underground corrosion 
       Underground corrosion or soil corrosion is a geologic hazard that affects burriedmetals and concrete that is in direct contact with soil or rockbed. Soil corrosion is acomplex phenomenon with a multitude of variables involved. Pitting corrosion andstress corrosion cracking are the result of soil corrosion, which leads to undergroundoil and gas transmission pipeline failures. But there are some basic concepts that areuseful in understanding the process.               Underground corrosion is electrochemical in nature. The comon indicators ofa soils tendency to corrode ferrous metals are electrical resistivity, chloride contentand pH level. Corrosion soils contain chemical constituents that can react withconstruction materials such as concrete and ferrous materials, which may damagefoundations and burried pipelines. The following fig.3.13 shows a pipeline systemthat corroded by underground corrosion.           

                    Fig.3.13. underground corrosion of pipeline.The electrochemical corrosion process that take place on metal surfaces in soils occurin the ground water that is in contact with the corroding structure. Both the soil andclimate influence the underground composition.
Factors affecting soil corrosion The following factors affect the soil corrosion:1. Porosity ( aeration)2. Electrical conductivity or resistivity3. Dissolved salts4. Moisture5. pHEach of these variables may affect the anodic or cathodic polarization characteristicsof a metal in soil. The most corrosive soils have high content of moisture, electricalconductivity, acidity and dissolved salts.



Prevention of underground corrosion      Underground corrosion can be controlled by1. Using organic and inorganic coatings2. Applying metallic coatings3. Alteration of soil4. Cathodic protection.
3.14. Crevice corrosion          It is an intensive localized attack that  occurs within crevices and other shieldedareas on metal surfaces exposed to corrosive environments. This type of corrosion isusually associated with small volume of stagnant solution caused by holes, gasketsurfaces, lap joints, surface deposits, and crevices under bolt and rivet heads. As aresult, this form of corrosion is called crevice corrosion or deposit or gasket corrosion.                 Examples of deposits that may produce crevice corrosion are sand, dirt,corrosion products and other solids. The deposit acts as a shield and creates a stagnantcondition. Contact between metal and nonmetallic surfaces can cause crevicecorrosion as in case of a gasket. Wood, plastics, rubber, glass, concrete, asbestos, waxand fabrics are examples of materials that can cause this type of corrosion. Stainlesssteels are particularly susceptible to crevice corrosion. The figure given below showsa crevice corrosion on a stainless steel pipe flange.

                 Fig.3.14  Crevice corrosion on a stainless steel pipe flange.
Prevention of crevice corrosion                 Crevice corrosion can be prevented or minimized by the following methods orprocedures:1. Use welded butt joints instead of rivetted or bolted joints.2. Design vessels for complete drainage. Avoid sharp corners and stagnant areas.3. Remove wet packing materials during long shut downs.4. Weld instead of rolling in tubes in tube sheets.5. Use solid non absorbent gaskets such as teflon.6. Remove solid in suspension early in the process.7. Inspect equipment and remove deposits frequently.



CHAPTER           4
Control and Prevention of Corrosion

4.0. Control and prevention of corrosion     Since the types corrosion are so numerous and the conditions under whichcorrosion occurs are so extremely varied, many methods of diverse are now used toprevent or minimise corrosion problems. The method or combination of methods usedto deal with corrosion problems are largely dependent on economic considerationsand practical situations where the methods will be applied.      The various protective measures to combat or minimise corrosion can be classifiedunder the following headings:1. Control of the physical, chemical and mechanical characteristics of the metals andalloys.2. Control of the environment.3. Control of the external source of electric potential.4.1. Control of the physical, chemical and mechanical characteristicsof metals and alloys :
     The  various methods under above heading are given below:1. Protective coatings2. Purification of metals3. Heat treatment4. Alloying5. Change in design
4.1.1 Protective coatings :            Both metallic and non-metallic coatings are applied to prevent corrosion andhave the following characteristics:(i) Good corrosion resistance against the medium with which it comes in contact.(ii) Perfect adherence to the underlying metals.(iii) Continuous, so as to cover the surface completely.(A) Metallic coatings - The metal film coated on the surface of the base metal may act to prevent corrosionof the base metal in two ways:(i) Cathodic coatings - It provides a physical barrier between the base metal andcorrosion media. Exp. Coating of gold, Aluminium, Chromium on iron.(ii) Anodic coatings - It provides a better solvating cage or more anodic surfaces thanthe base metal. Exp. Coatings of Zn, Al, Cd on steel.Advantages of metallic coatings over other coatings :1. More durable than non metallic coatings.2. More decorative.



3. Best shielding against corrosion.Methods of applying metallic coatings: Metallic coatings can be applied by various methods which are briefly describedbelow:(a) Hot dipping: - This method is used for tinning and galvanizing of various steelsheets. The object is dipped or immersed in molten bath of low m.p. metals like tin,zinc, lead and aluminium. Although this method is simple but many complications areinvolved such as uneven coating, control of proper thickness is difficult etc.
(b) Metal spraying: - In this method the liquid metal usually low m.p. metals andalloys are sprayed over the base metal. The surface is grit blasted and the liquid metalis sprayed over it by a pistol as shown in fig.4.1 below.

                   Fig.4.1 metal spray by pistol.(c) Cladding : - This method is used for coating copper on steel plates or lead oncopper plates etc.  It consists of rolling the metal over the base metal. It is only forsheets or plates,as shown below

               

        

           Fig.4.2 Cladding (d) High temperature diffusion: - Diffusion coatings involve heat treatment to causealloy formation by diffusion of one metal into the other. This is also known as surfacealloying. Parts to be coated are placed in solid materials or exposed to gaseousenvironments containing the metal that forms the coating. For example, sheradizing   
(Zn), chromizing( Cr) , alonizing(Al) etc.
(e) Vacuum deposition: This is accomplished in a high vacuum chamber. The coatingmetal is vaporized by heating electrically and the vapour deposits on the parts to becoated. Exp. deposition of aluminium on steel parts. The fig.4.3 below shows theprocess of vacuum deposition.



           
(f) Electroplating: The object to be coated is cleaned and washed and then dipped intosuitable bath( salt of coating metal or alloy) . Another plate of a coating metal is alsodipped in it . The plates are connected to a DC power supply making the objects to beplated as cathode. Fig.4.4  shows the process of electroplating.

                        Fig.4.4.  process of electroplating 
(B) Non metallic coatings -      Non metallic coatings applied to prevent corrosion are of two types:
(a) Inorganic coatings: - The principal inorganic coatings for metals are
(i) Vitreous enamels: They form hard glass outside layer and protect by acting as anefficient barrier to the corrosive environment.
( ii) Portland cement coating: They can act a diffusion barrier to the corrosiveenvironment. They give adequate protection to steel. 
(iii) Conversion coating: These coatings are formed by reaction with the metal surfaceand are of several types such as phosphate coating from acid phosphates on steels,oxide coatings on steel and aluminium formed by the reaction with oxygen and wateror steam. Oxide coatings provide moderate barrier which is quite effective inmoderately corrosive environment.



(b)  Organic coatings 
Organic coatings are inert organic barriers applied on the surface of the materials forboth corrosion protection and decoration. Organic coatings include varnishes, paints,enamels (dispersion of pigments in a varnish or resin ), and lacquers (a solventsolution of resin and plasticizers with or without pigments dispersed throughout).Organic coatings are used under conditions in which the corrosion rate of anunprotected metal is less than 0.5 inch per year.
4.1.2. Purification of metals 
        Corrosion resistance of a given metal may be improved by increasing the purityof metal. Extremely pure metals corrode at a very slow rate owing to their hydrogenover voltage. The rate of corrosion increases rapidly with decreasing the purity ofbase metal. The following table shows how the rate of corrosion increases withdecreasing the purity of aluminium in 20 % HCl.                  Table -4.1Purity of Al %.                               Loss of weight ( gm/day)99.998                                              699.99                                               11299.98                                               360099.97                                               650099.2                                                 190000
4.1.3. Heat treatment 
Corrosion resistance of metals and alloys can be improved by proper heat treatmentby altering the microstructure, nature, magnitude of internal stresses for changingprotective properties of oxide film on the metal surface. The following heat treatmentprocesses are carried out for improving the corrosion resistance of the metals andalloys:(i) Annealing: It is carried out to homogenize the microstructure, composition, andreduce the residual stresses thereby improving the corrosion resistance of the metal.
(ii) Hardening and tempering: Hardening treatment increases the corrosion resistanceof steel because it contains a single phase martensite. Similarly tempering at lowtemperatures forms many galvanic cells of ferrite and carbides, resulting in increase incorrosion rate , but tempering at high temperatures, the carbides agglomerate causingreduction in galvanic cells thereby improving the corrosion resistance.
(iii) Precipitation hardening : The age hardenable alloys in solution heat treatedcondition shows better corrosion resistance than that of in aged condition. This is dueto the increase in galvanic cell with precipitation. Overageing, however decrease thecorrosion rate due to the agglomeration of the particles which results in decrease innumber of galvanic cells as in fig 4.5 below.



                         Fig. 4.5. Effect of ageing on rate of corrosion.

4.1.4. Alloying 
          Corrosion resistance of most commercial steels can be increased by alloyingthem with suitable alloying elements. For maximum corrosion resistance the alloyshould form solid solution. Exp. Addition of chromium and nickel with iron, nickelwith copper can increase the corrosion resistance of iron and copper respectively.Alloying elements may increase the corrosion resistance due to any of the followingreasons:
(i) Alloying may alter the structure of the metal by solid solution in such a way as toreduce Critical Current for passivation. The improvement in corrosion resistance ofiron and copper by the addition of chromium and nickel respectively is attributed tothe above reason. 
(ii) The alloying may raise the nobility of the solution thereby reducing the drivinge.m.f. in the corrosion cell.
(iii) Alloying may give rise to more protective corrosion product  e. g. additions ofrelatively small amount of Cu, Cr, Ni  to steels.
(iv) The alloying elements may increase the corrosion resistance by decreasing themobility of the corrosive ion. Addition of Sn to Zr increases the corrosion resistanceby neutralizing the vacancy generated by nitrogen thereby reducing the mobility ofoxygen ions in the oxide film on the surface.
(v) The corrosion resistance can also increase by decreasing the areas of cathodes andincreasing the areas of anodes thereby reducing the anodic current. Nickel addition tocast iron decreases the areas of cathodic inclusions due to decrease in percentage ofcarbon, resulting in increase of corrosion resistance.
4.1.5. Change in design        Corrosion rate can be reduced by proper design and fabrication. The designshould be such so as to maintain uniform conditions as far as possible throughout. Forbetter corrosion resistance the following points are to be considered:



(i) The use of two dissimilar metal contact should be avoided, because in the presenceof an electrolyte such contact may result in galvanic corrosion. If their use is essential,they should be as close as possible in galvanic series.
(ii) The design should avoid the presence of crevices between adjacent parts of thestructure and to avoid conditions such as rapidly moving water, the accumulation ofsolid etc.
(iii) Dissimilar materials should be insulated.
(iv) The design should be as to avoid the excessive stress concentration. This can beavoided by proper fabrication and design. Some examples of proper design forreducing stress concentration are given in fig.4.6. below.         

          Fig. 4.6  Proper design to reduce stress concentration
(v) The design should be such as to provide uniform temperature gradient.
(vi) Wall thickness in pipes, tankss, should be designed so as to make allowances forreduction in thickness due to uniform corrosion.

4.2. Control of the environment 
       Corrosive environment plays the most important part in all corrosion processes.If, therefore, an environment can be created so as to make the materials less corrosive they can be saved to a great extent by harmful effects of corrosion.      Altering the environment provides a versatile means for reducing corrosion.Corrosive environment can be modified by the following three ways:1. Altering environmental variables such as temperature, pressure, concentration,velocity, pH etc.2. Elimination of corrosive ingredients such as humidity, oxygen, oxidising agents,



solid contaminants etc.3. Introduction of inhibitors.
4.2.1. Alteration of environment 
(i) Alteration in temperature: In most cases, lowering the temperature of theenvironment reduces the corrosion rate. The degree of reduction depends upon thetype of environment, metals, alloys. For example, the corrosion rate is high in casessuch as 18 Cr- 8 Ni steel in nitric acid, monel in hydrochloric acid and nickel insodium hydroxide ( curve A, fig.4.7) .

                 Fig.4.7 Effect of temperature on corrosion rate
However , under certain conditions temperature changes have a little effect oncorrosion rate. For example, the reduction is less in cases such as 18 Cr- 8 Ni  insulphuric acid, Nickel in hydrofluoric acid, and iron in hydrochloric acid.(Curve B,fig.4.7)  In certain cases, lowering in temperature increases the corrosion rate. For example,boiling sea water is less corrosive than hot sea water at 65 °C.
(ii) Alteration in concentration: In most cases, lowering the concentration of corrosivereduces the corrosion rate. There can be a concentration below which corrosion rateremains constant. Exp. Ni in NaOH and 18 Cr- 8 Ni in nitric acid ( Curve A ,fig.4.8) .In some cases such as Al in acetic acid or nitric acid, 18 Cr - 8 Ni in sulphuric acidand iron in sulphuric acid.(Curve B). The corrosion rate is higher at lowerconcentration and minimum at higher concentration.

       Fig.4.8. Effect of concentration on corrosion rate.
(iii) Alteration in velocity: The effects of velocity on corrosion rate depends on thecharacteristics of the metal and the environment to which it is exposed. Velocity of the



environment may decrease or increase the corrosion rate. In most cases, decrease invelocity reduces corrosion rate. Decrease in velocity to zero ( stagnation) can increasecorrosion rate. During stagnation period, corrosion rate is increased due to settling ofsuspended matter. In cases where the corrosion process is under diffusion control andthe metal is readily passivated, increase in velocity reduces the corrosion rate. Fig.4.9.

                        Fig.4.9  Effect of velocity on corrosion rate.
(iv) Alteration in pH value: High pH value of environment usually reduces thecorrosion of iron and steel. 
4.2.2 Elimination of corrosive ingredients 
(i) Dehumidification:  It is the process of reducing environment moisture to such anextent, the amount of water condensed on metal surface is too negligible to causecorrosion. At a given temperature, there is a critical humidity for many metals such assteel, Cu, Zn and Ni. If the relative humidity is kept below 30 % , corrosion of mostmetals will be negligible. In most cases, humidity is lowered below 30 %.
Methods of dehumidification:- By use of silica gel, activated alumina and lime which absorbs water.- Extraction of moisture from air by condensation.- By raising the temperature of air.
(ii) Elimination of solid contaminants:  Dissolved solid contaminants in waterincreases the corrosion rate, because they may increase the electrical conductivity.This will speed up the electrode reactions and hence corrosion rate. Dissolved ionscan penetrate the protective coating formed by corrosion products.
(iii) Elimination of oxygen and oxidation agents: Corrosion rate can be reduced incertain cases by reducing the concentration of oxygen and oxidising agents from theenvironment. The following methods are available for this purpose:1. By the adjustment of temperature and pressure together with mechanical agitationso that dissolved gases are expelled from the solution.2. By the addition of certain chemical reagents such as sodium sulphite, hydrazine etc.



4.2.3. Introduction of inhibitors 
      An inhibitor is a substance which when added in small amounts to anenvironment effectively decreases or retards the corrosion rate. In a sense, an inhibitorcan be considered as a retarding catalyst.          Inhibitors are used in liquid media, gaseous media as well as to solid and semi-solid materials such as  paint films, packing materials and protective greases.
Mechanism of inhibition : Inhibitors can prevent corrosion by two mechanisms as1. By formation of protective layer on the metal surface, and2. By reducing the corrosiveness of the environment towards the metal.
Classification of inhibitors 
Inhibitors can be classified mainly into three types, as(A) Filming inhibitors such as            (i) Anodic inhibitors            (ii) Cathodic inhibitors   and   (iii) Mixed type ( anodic and cathodic)(B) Adsorption inhibitors(C) Vapour phase inhibitors.
(A) Filming inhibitors:  The inhibitors which form a barrier isolating the metal fromsolution are called filming inhibitors. Since aqueous corrosion is electrochemical innature, inhibitive action of any substance is the result of prevention and control ofanodic and cathodic reactions. Inhibitors that supress the anodic reaction or metaldissolution, are called anodic inhibitors while that supress the cathodic reaction arecalled cathodic inhibitors. 
(i) Anodic inhibitors: These inhibitors seal off the anodic regions, where the metalcations are formed, by forming oxide film. These are called dangerous inhibitors ifused in insufficient quantity. Examples of anodic inhibitors are oxidising substances such as chromates,phosphates, silicates, nitrates, benzoates, tungstates etc. They precipitate theanodically dissolved metal thus lead to the formation of adherent protective layer.
(ii) Cathodic inhibitors : The cathodic inhibitors supress the cathodic reactions. Thecathodic reactions are suppressed by;1. Slowing down the diffusion of hydrated ion to the cathode.2. Increasing the discharge potential of hydrogen.3. Eliminating oxygen from solution.4. Delaying the diffusion of dissolved oxygen towards cathode by forming anobstructing layer.The first two methods are applied to acid solution and last two for neutral solution.Examples of cathodic inhibitors are ;Organic inhibitors such as amines, heterocyclic nitrogen compounds , sulphides,heavy metal soaps, Inorganic inhibitors are bicarbonates, and phosphates.Cathodic inhibitors are less effective than anodic inhibitors because in this case themechanism of corrosion prevention is indirect whereas in anodic inhibitors themechanism of corrosion prevention is direct.



(iii) Mixed type : These inhibitors supress both cathodic and anodic reactions.Benzoate and Thiourea are the examples  of this type.
(B) Adsorption inhibitors 
Adsorption inhibitors are the surface active addition agents and represent the largestclass of inhibiting substances. In general, these are organic compounds which adsorbon the metal surface and supress metal dissolution and reduction reactions. In mostcases, it appears that adsorption inhibitors affect both the anodic and cathodicprocesses, although in many cases, the effect is unequal. Typical of this class ofinhibitors are aliphatic and aromatic amines, thiourea and aldehydes.
(C) Vapour phase inhibitors 
These are very similar to the organic adsorption type inhibitors and possess a veryhigh vapour pressure and the vapour of which has corrosion inhibiting properties.These inhibitors are usually only effective if used closed spaces. Most effectivevapour phase inhibitors are;1. Dicyclohexyl ammonium nitrite  ( v.p.- 0.0001 mm Hg at 25 °C) .     This is used to inhibit the corrosion of steel, however it increases the corrosion rateof  Zn, Mg, and Cd.2. Cyclohexylamine  ( v.p.- 0.4 mm Hg at 25°C).    It reduces the corrosion rate of steel, aluminium solder, and Zn, but increases thecorrosion rate of copper, brass and magnesium.
Advantages of vapour phase inhibitors 
1. Easily applicable to articles.2. No need of removal of oil or grease film before application.
Disadvantages of vapour phase inhibitors 
1. It accelerates the corrosion rate of certain non ferrous metals.2. It requires effective sealing of package against the loss of inhibiting vapour.3. It descoloures certain plastics.Applications of inhibitors 
Inhibitors are used for protecting ferrous and non ferrous metals such as aluminum,zinc, tin, and copper and their alloys.Some of the typical applications are given below:1. Air conditioners : Addition of a mixture of sodium dicarbonate and sodiumcarbonate or NaOH in very small quantities retard the corrosion rate..2. Iron pillar: It was found that the Iron pillar was protected from corrosion by theaddition of inhibitors like phosphate and tannels.3. Steam condensate lines: Corrosion of steam condensate lines in power plants can beminimised by the addition of snorpholine.4. Corrosion of copper in potassium persuate solution can be inhibited by the additionof salicylaldehyde, formaldehyde and cyclohasanave.5. Corrosion of aluminium alloys are inhibited by the addition of dextrine andhexamethyltetramine.



Limitations of inhibitors 
1. It is not possible to add inhibitors to all corrosive systems because they cancontaminate the environment.2. Certain inhibitors are toxic in nature. They can not be used for protecting foodutensils etc.3. Most of the inhibitors can not be used at high temperatures.4. Inhibitors are only used in closed systems.5. Anodic inhibitors are regarded as dangerous inhibitors if used in insufficientquantity.
4.3. Control of external source of electric potential  Corrosion in aqueous environments is primarily electrochemical in nature which canbe controlled by application of source of external electric potential. This include twomethods as:1. Cathodic protection method 2. Anodic protection in method,
4.3.1 Corrosion prevention by cathodic protection 
         It is the minimization or prevention of corrosion of metallic surface by makingit cathodic with respect to environment. Cathodic protection is achieved by supplyingelectrons to the metal structure to be protected.For example, a metal M me is in an acid environment. Electrochemical reactionsoccuring are-
M➞ M﹢ ＋ ne (Metal dissolution reaction)
2H﹢ + 2e➞H₂ (evolution of hydrogen gas)These reactions indicate , the addition of electrons to the metal structure will tend tosupress metal dissolution and increase the rate of hydrogen evolution.Cathodic protection is achieved by supplying electrons either from a(a) Galvanic or Sacrificial anode, or by(b) Impressed current(a) Cathodic protection by Galvanic or sacrificial anode method  In this method, the metallic structure is made cathode by connecting it with galvanicanodes which is more electropositive than the metal structure to be protected. When itis connected to the structure, it becomes anode and sacrificially protects the structure.Fig.4.10 shows such installation.      

           Fig.4.10 Cathodic protection by galvanic or sacrificial anode.



Factors affecting protection by galvanic anode method:
The following factors must be taken into consideration;
1. Factors to be considered in choosing anodes include driving voltage, capacity andcost. The following materials are generally used. 
(a) Magnesium and its alloys : Magnesium is widely used as sacrificial anode. Itsefficiency is only about 50 %, but it has high negative potential ( E° = 2.3 V ) whichprovides high current output. Its operating efficiency can be raised by the addition of6 %. Al, 3 % Zn and 0.2 % Mn.
( b) Zinc and its alloys It is also used as sacrificial anode. It has potential of E°=0.8 V. The current output of a Zn anode is lower than that of a Mg anode of the same size. Atlow current output the efficiency of zinc is higher than that of a magnesium, whichimparts long life to anode. 
(c) Aluminium and its alloys: Aluminium and its alloys are used for sacrificial anode. 
2. Geometry of anode: Anode can be cylindrical, plate or variable type. Thecylindrical type has a relatively low output but a long operating life. The plate typehas a large surface area and therefore large output in relation to mass. The variableoutput anode has a relatively high output for a very short time.
3. Number and spacing of anodes: These depend on the system to be protected. Theideal arrangement should have number of anodes in such a position that all the steelwork is equidistant from it so that protective current spreads uniformly.
Advantages of galvanic anode method : The main advantages of this method are asfollows:
1. No external power supply necessary.2. Minimum maintenance cost after installation.3. Low installation cost4. More efficient utilisation of protective coating.
Disadvantages of galvanic anode method: The main disadvantages are;1. Limited driving potential and current output.2. Soil resistivity limitations.3. Not applicable to large objects ir poorly coated pipes.4. There is some interference in parallel or multiple installations. (b) Cathodic protection by impressed current method 
        In this method, metallic structure to be protected is made cathode with the use ofimpressed current. It is done by connecting the negative terminal of the externalpower supply source to the metallic structure and positive to an inert anode.This is shown in fig.4.11 below.



             Fig.4.11 Cathodic protection by impressed current.
In general, power is taken from main supplies, transformed to required voltage andrectified. Self-contained transformer rectifier units are normally employed. Inertanode can be made of scrap steel, aluminium, graphite and platinum group metals.
Advantages of impressed current method     The main advantages of impressed current method are as follows:1. Larger driving voltage.2. Larger flexibility of control.3. Applicable to large objects.4. Uncoated parts can be protected.
Disadvantages of impressed current method          The main disadvantages of this method are as follows:1. Larger installation cost.2. Higher maintenance cost.3. Interference with parallel currents.
Applications of cathodic protection 
Various types of electrochemical corrosion such as aqueous corrosion, erosioncorrosion, cavitation corrosion, corrosion fatigue and stress corrosion crackingare effectively minimised or prevented by cathodic protection method. Some ofthe typical applications are given below:1. Protection of pipelines : Underground pipelines are protected by bothgalvanic anode method and impressed current method. Fig.4.12(a).

                          Fig.4.12((a)  Cathodic protection of underground pipe by impressed current.



The choice between galvanic anode and impressed current generally depends uponsoil resistivity. The coated structures are economically protected by cathodicprotection.. The fig.4.12(b) below shows the protection of underground pipe bygalvanic anode.

       Fig.4.12(b) Cathodic protection of underground pipe with galvanic anode.
2. Protection of underground cable sheaths : Cable sheaths of lead and aluminium areprotected by cathodic protection.
3. Protection of chemical equipment:  Various liquid containers such as storage tanks,heat exchangers, condensers etc. are protected by cathodic protection. Some of theequipments protected by cathodic protection are given below:(a) Lead pipe,coils in barium chloride solution is protected bu using Zn anodes.(b) Copper and Haste alloy components handling 10 % HCl at 60°C is protected byusing lead anodes.(c) Copper heating steam coils immersed in zinc chloride and ammonium chloride areprotected by using zinc anodes.(d) Steel equipments in chlorinated water, conc. brine solution are protected by usingmagnesium anode.(e) Mild steel in pure 73 % caustic soda plus 0.3 % sodium chloride at 100°C isprotected by impressed current method.(f) Copper steam coils in ammonium chloride solution is protected by impressedcurrent using lead as inert anode.5. Steel structures exposed to seawater are protected by cathodic protection method.
Limitations of cathodic protection method 
The following are the limitations of cathodic protection:1. If cathodic polarization is too great, certain metals such as lead and tin are attackedby gasification.2. An applied cathodic current may lead to reducing conditions in certain passivealloys such as stainless steel which can destroy the passivity.3. When there are neighbouring burried structures not in direct electrical connectionwith the cathodic protection but located between the ground anode and the structure,the ionic soil current may cause localised corrosion of unprotected burried structure asshown in fig.4.13 below.4. If polarization is too weak, materials remain exposed to the corrosive medium andthus remaining unprotected.



    Fig.4.13  Localised corrosion of unprotected burried pipe.

4.3.2  Corrosion prevention by anodic protection 
In contrast to cathodic protection, anodic protection is relatively new. It is based onthe formation of a protective film on metals by externally applied anodic currents. Ithas been seen that by the application of anodic current to a structure, the rate ofdissolution of metal increases and the rate of hydrogen evolution decreases. This onlyoccurs except for metals with active - passive transitions such as nickel, iron,chromium, titanium and their alloys. If carefully controlled anodic currents areapplied to those materials, they will become passivated and the rate of metaldissolution will decrease. The following figure shows an anodically protected steelstorage tank containing sulphuric acid.                       

                      Fig.4.14  Scheme of anodically protected steel tank containingsulphuric acid.



To anodically protect a structure, a device called potentiostat is required,which maintains a metal at a constant potential with respect to a referenceelectrode. It has three terminals ,one connected to the tank, another to anauxiliary cathode and third to a reference electrode.    In operation, the potentiostat maintains a constant potential betweenthe tank and the reference electrode.
Requirements for anodic protection 
The following requirements must be met for anodic protection:
1. The metals under consideration should exhibit passivity in the corrodent.2. The protective film must be less than 100A° thick.3. The film must be an electronic conductor.4. The film must be formed very rapidly, hydrophobic and oxidised.5. The weight loss should be negligible in passive range.6. Current to maintain passivity must be low.
Advantages of anodic protection method 
The important advantages of anodic protection are described briefly below:
1. Improvement in product quality: Contamination of the product by the corrosionproduct of the container is much reduced by anodic protection.2. Reduced capital investment.3. Reduced maintainence cost.4. Avoids stress corrosion cracking.5. Reduced equipment cost.
Disadvantages of anodic protection method 
Some of the limitations of this method are;
1. This method can not be applied in case of corrosive medium containing aggressiveanions such as chloride.2. If protection break down at any point, it is difficult to re-establish.3. Anodic protection can not protect any metal immersed in any conducting media.
Applications of anodic protection 
Anodic protection is used in the following systems:
1. Carbon steel equipment in contact with oleum, sulphuric acid, black sulphuric acid,super phosphoric acid, aqueous ammonia, aqueous ammonium nitrate, sodiumcarbonate, sodium hydroxide etc.2. Stainless steel equipment in contact with sulphuric acid, oxalic acid, sodiumcarbonate, sodium hydroxide, aluminium sulphate solution, sulphonic acd, phosphoricacd, ammonium nitrate solution etc.3. Chromium in contact with hydrofluoric acid.



Comparison between cathodic and anodic protection
           Cathodic protection.                             Anodic protection 
1. It can be applied to all metals and           1. It can be applied to metals which     weak to moderate corrosives.                      shows passive range and to weak                                                                         to aggressive corrosives.2. Lower installation cost                            2. Higher installation cost.
3. Higher maintainence cost                        3. Lower maintainence cost.
4. Operating conditions can be                    4. Operating conditions can be   determined by empirical means                    determined by electrochemical                                                                          measurements.
4.3.3  Passivity 
    It is known that certain metals and alloys can exist in two states - active andpassive. In active state, metal exhibits greater activity with respect to certain type ofenvironments than others. While in passive state, metals and alloys behave as if theseare more noble i.e, hass a lower position in the e.m.f. series. For example, iron indilute nitric acid is active while in concentrated nitric acid,it is passive. Thus in theformer case, dilute nitric acid can not be stored in iron vessel while in latter case,it canbe stored.The phenomenon of passive state is known as passivity. Thus passivity may bedefined in the following two ways:Thermodynamically, " passivity is the phenomena by which metal remains unattackedin a medium in which a net decrease of free energy is associated with the corrosionreactions".Electrochemically, " passivity is the phenomena by which metal, when acting ananode in electrolysis does not pass into solution even though the value of equilibriumpotential seems to indicate that it should.



       


